Abstract: This study was carried out to determine whether ruminal fermentation and serum acute phase protein concentrations differed between steers with and without pathology at slaughter. Ruminally cannulated steers (n = 28) were housed with noncannulated steers (n = 250) and randomly assigned to one of eight pens. Steers were previously adapted to a diet containing 5% barley silage and 95% concentrate. Ruminal pH was measured continuously and ruminal fluid and blood samples were collected weekly. Steers were slaughtered and those with a liver score (A or A+) or a rumen score of 2 or 3 (ulceration or scarring) were classified as pathology (PATH) and compared with those with no pathology (NOPATH). Steers with PATH spent 182 min d −1 more with pH < 5.8 (P = 0.05) and 64 min d −1 more time with pH < 5.2 (P = 0.03) than NOPATH. The concentration of serum amyloid A was greater for steers with PATH than NOPATH (P = 0.02) and haptaglobin tended (P = 0.08) to be greater. Overall, results of the current study suggest that the duration of time that ruminal pH is <5.2 and a serum acute phase protein response are greater for steers with a case definition including ruminal and liver lesions.
Introduction
In North America, production economics for finishing cattle support the feeding of diets with a substantial grain inclusion rate. Unfortunately, high-grain low-forage diets increase the risk for ruminal acidosis (Castillo-Lopez et al. 2014; Wiese et al. 2017 ) potentially resulting in negative implications for the health and performance of individual cattle (Brown et al. 2006; Castillo-Lopez et al. 2014) . Even sub-acute ruminal acidosis has been reported to induce an inflammatory response in dairy cattle (Zebeli et al. 2012) , likely due to the translocation of bacteria and endotoxins across the ruminal epithelium (Kleen et al. 2003) or distal regions of the gastrointestinal tract (Li et al. 2012) . The notion of ruminal translocation is supported by the fact that the strain of Fusobacterium necrophorum isolated from abscesses in the ruminal epithelium is the same strain as that isolated from liver abscesses (Narayanan et al. 1997) . Moreover, Rezac et al. (2014) reported a positive association between liver abscesses and ruminal lesions when assessed after slaughter. Although the causative factors for liver abscesses and association between ruminal and liver lesions have been assessed, few studies have characterized ruminal fermentation in relation to the formation of rumenitis and liver abscesses. Therefore, the objective of this study was to determine whether ruminal fermentation and the jugular acute phase protein concentrations differed between steers with no ruminal or liver pathology and those with ruminal and liver pathology at slaughter.
Materials and Methods

Management of steers
This study was carried out at the University of Saskatchewan Beef Cattle Research and Teaching Facility (Saskatoon, SK, Canada) as part of a larger study (Castillo-Lopez et al. 2014) . Briefly, 250 British crossbred steers [mean ± SD, 330 ± 20.0 kg initial body weight (BW)] and 28 crossbred Hereford steers (248 ± 25.5 kg incoming BW) were used for this study. The Hereford steers were previously fit with a ruminal cannula (model 9C, Bar Diamond, Inc., Parma, ID, USA). All steers were implanted with Component E-S (Elanco Animal Health, Calgary, AB, Canada) and treated with Ivomec (Merial Ltd., Duluth, GA, USA), Ultrabac 7/Somnubac (Zoetis, Kirkland, QC, Canada), Bovashield Gold 5 (Zoetis), One Shot (Zoetis), and 32 mL of long-acting Liquamycin (Zoetis). Steers were implanted 87 d later with component TE (Elanco Animal Health, Calgary, AB, Canada).
Steers were randomly assigned to one of eight pens such that in each pen there were three to four cannulated steers and 31-32 noncannulated steers with a total of 35 steers per pen. The entire feeding period (143 d; from 12 Jan. 2013 to 3 June 2013) was divided into three feeding phases including the backgrounding (days 1-20), diet transition (TRAN; days 21-40), and finishing (days 41-143). However, this study only included data and samples collected during the last 5 wk of the finishing phase. The finishing diet included [dry matter (DM) basis; Steers were fed twice daily at 0900 and 1600, with the afternoon feeding adjusted to achieve 5% refusals (as fed basis). Every 2 wk, bunks were cleaned and the weight of the refusals was measured prior to feeding. Samples of the feeds and refusals were used for DM determination using a forced air oven held constant at 60°C for 48 h. The difference between the weight of the feed offered and that refused (DM basis) over a 2 wk interval was used to calculate dry matter intake (DMI) at a pen level.
Ruminal pH measurement
Ruminal pH was measured using indwelling pH measurement devices according to the protocol described by Penner et al. (2009) and Castillo-Lopez et al. (2014) . The pH devices were set to record pH every 10 min for the duration of the study. Once every 2 wk, the data were downloaded and the pH devices were restandardized in buffers of pH 4.0 and 7.0 at 38.5°C and placed back into the ventral sac of the rumen. Transformation of the millivolt data to pH values has been described by Castillo-Lopez et al. (2014) .
Ruminal fluid and blood sampling
Ruminal digesta and blood samples were collected weekly between 0700 and 0800 for the 5 wk preceding slaughter. Ruminal digesta samples were collected from the anterior and posterior ventral sac (250 mL per region), composited, and strained through two layers of cheese cloth. Ten millilitres of the resulting ruminal fluid was transferred into a 15 mL tube containing 2 mL of frozen metaphosphoric acid (25% w/v) and stored at −20°C until further analysis. Samples were analyzed by gas chromatography (Hewlett-Packard 5890; HewlettPackard, Santa Clara, CA, USA) for the determination of short-chain fatty acid (SCFA) concentration following the protocol described by Khorasani et al. (1996) .
Blood was collected via jugular venipuncture at the same time as ruminal fluid sampling. Blood was collected into a 10 mL evacuated tube containing a silica act clot activator (BD, Franklin Lakes, NJ, USA). Serum samples were stored at room temperature until being transported to the laboratory and centrifuged (1800g at 4°C within 4 h of collection) and were stored at 20°C until analysis. Serum haptoglobin (Hp) concentration was determined using a commercial sandwich ELISA (GenWay Biotech Inc., San Diego, CA, USA). Samples were diluted (50× dilution). Intra-and inter-assay CV were 3.3% and 11%, respectively. Serum amyloid A (SAA) was measured using a commercial multispecies ELISA (Tridelta Development Ltd., Kildare, Ireland) described by McDonald et al. (1991) . The optimal dilution was determined to be 1:500, and the intra-and inter-assay CV were 8.3% and 9.2%, respectively.
At the end of finishing, all steers were transported to a federally inspected abattoir (Plains Processors, Carman, MB, Canada), where they were slaughtered in three groups over a period of 4 d. The duration of the slaughter was based on capacity limitations for the abattoir. For each steer, assessment of liver abscesses was conducted by a single trained person using the Elanco system: 0 (no abscesses); A− (1 or 2 small abscesses or abscess scars); A (2-4 well organized abscesses <2.5 cm in diameter); or A+ (1 or more large active abscesses with inflammation of surrounding liver tissue) as described by Brink et al. (1990) . Liver scoring was modified, combining the A− and A scores to fit with industry convention. Additionally, the rumen of each steer was opened along the lateral pillar of the ventral sac to allow for washing and visualization of the entire ventral and caudal ventral blind sac. Ruminal pathology was determined by an objective third party trained professional that was blinded to the liver abscess score. The rubric used to score ruminal lesions is described as follows: 0 = healthy rumen with large papillae and normal coloration; 1 = hyperemia/discolouration, clumped papillae; 2 = erosion or regeneration from previous erosion; 3 = evident ulceration or appearance of stellate scars.
Data and statistical analysis
Ruminal pH data were summarized by week, and the mean, minimum, and average daily time spent below the pH thresholds of 5.8, 5.5, and 5.2 were calculated. Preliminary statistics indicated that week was not significant and thus, weekly values were subsequently averaged across the 5 wk measurement period. Weekly measurements of ruminal acetate, propionate, and butyrate concentrations, as well as serum SAA and Hp, were also averaged over all 5 wk. A case definition was created for pathological lesions associated with ruminal acidosis; steers with liver scores of A, or A+, or with rumen scores of 2 or 3, were defined as having pathology (PATH) whereas steers with rumen scores of 0 or 1 and liver scores of 0, were defined as having no pathology (NOPATH). Descriptive and inferential statistics were carried out on all data (Stata, College Station, TX, USA). Normality was determined by Shapiro-Wilk's normality Step 1 Step 2 Step 3 Step 4 test. Variables with normally distributed data were subject to the two-sample t-test, and nonnormal data were analyzed using a nonparametric approach (Wilcoxon's rank sum test). Normally distributed data included SAA, acetate, mean ruminal pH, and duration that pH was <5.8. All other data were nonnormally distributed. Significance was declared when P < 0.05 and tendencies are discussed when P > 0.05 and P < 0.1.
Results
Cannulated steers weighed 477 ± 39 kg at the onset of the present experiment, and the noncannulated cohorts weighed 587 ± 33.8 kg. The DMI ranged between 11.2 and 12.3 kg steer −1 d −1 among pens over the duration of the study (last 5 wk of finishing) with a mean of 11.6 kg d −1 .
As steers were housed in pens, DMI could not be determined for individual steers. Cannulated steer average daily gain (ADG) for the study period was 1.5 ± 0.49 kg d
, compared with noncannulated cohort steers which gained an average of 1.4 ± 0.6 kg.
The distribution of ruminal and liver pathology is presented in Table 2 . Overall, five steers had no liver or rumen pathology and three had a rumen pathology score of 1 equating to eight steers with a NOPATH classification. The remaining steers had either severe ruminal pathology or liver pathology resulting in 20 steers assigned to the PATH score. In total, two steers had liver pathology but no ruminal pathology and seven steers had severe ruminal pathology but no liver pathology.
Minimum and mean ruminal pH were not affected by the pathology case definition (Table 3 and Fig. 1 ). However, both the duration that pH was <5.8 (P = 0.05) and 5.2 (P = 0.03) were affected by the pathology classification with PATH steers spending 182 and 64 min d −1 more below 5.8 and 5.2, respectively, than NOPATH steers. The concentration of total SCFA and the molar proportion of individual SCFA were not affected by pathology score. However, the molar proportion of acetate tended to be greater for NOPATH than PATH (P = 0.08). The molar proportion of other SCFA was not affected by pathology score. The concentration of SAA was greater for steers with PATH than NOPATH (P = 0.02) and Hp tended (P = 0.08) to be greater (Fig. 2) .
Discussion
As reported by the National Beef Quality Audit 2010-2011 (Beef Cattle Research Council 2012), the prevalence of liver abscesses in Canadian fed cattle is 30%, and North American incidence has been reported to range from 12% to 32% (Nagaraja and Lechtenberg 2007 ). In the current study, the prevalence of liver abscesses in the cannulated steers was 46% with 25% scoring A+ and 21% scoring A. The noncannulated cohorts had a liver abscess incidence of 24% (14.7% A+ and 9.8% A). Although the liver abscess scores appear to differ, the difference in liver scores could be explained by a slower line speed, and the ability to palpate the livers at the small-scale abattoir where the cannulated steers were slaughtered. However, the lighter initial BW and increased ADG of the cannulated steers could also be contributing factors. Interestingly, the PATH steers (n = 20) consisted of 7 steers with only ruminal pathology, 2 steers with only liver pathology, and 11 steers with both ruminal and liver pathology. The lack of ruminal pathology in two of the steers with liver pathology suggests that liver abscesses may not exclusively be caused by ruminal lesions and is similar to that found previously (Rezac et al. 2014) . It is possible that compromised barrier function for other regions of the gastrointestinal tract (Pederzolli 2016) or respiratory infection (Rezac et al. 2014 ) may be the source for bacteria involved in liver abscess formation in these cases.
Although ruminal pH is used as a primary diagnostic for ruminal acidosis (Bevans et al. 2005; Castillo-Lopez et al. 2014) , minimum and mean ruminal pH were not different between PATH and NOPATH steers suggesting that minimum and mean pH are not sensitive predictors indicating risk for ruminal pathology or liver abscesses. However, when the duration below 5.2 was assessed, it was observed that PATH steers spent, on average, 62 min d −1 with ruminal pH < 5.2, compared with only 8.3 min d −1 for NOPATH steers. There was no difference between PATH and NOPATH for the duration that ruminal pH was <5.5 (P = 0.36), although numerically, only the PATH steers experienced rumen pH < 5.5 for >180 min; the criteria used for ruminal acidosis as described in the study by Castillo-Lopez et al. (2014) . In addition, steers with PATH tended to spend more time with ruminal pH < 5.8 than NOPATH. Collectively, this data suggests that cattle with ruminal pH < 5.2 may be at risk for ruminal and liver pathology. Unfortunately, this study was limited by its small sample size, and further work with larger numbers of cattle is needed to confirm these conclusions. a Livers were scored as follows: 0 (no abscesses); A (abscess scars or 1-4 well organized abscesses <2.5 cm in diameter); or A+ (1 or more large active abscesses with inflammation of surrounding liver tissue). Rumen lesions are scored as follows: 0 = healthy rumen with large papillae and normal colouration; 1 = hyperemia/ discolouration, clumped papillae; 2 = erosion or regeneration from previous erosion; 3 = evident ulceration or appearance of stellate scars.
In addition to greater duration of a ruminal pH < 5.2, PATH steers tended to have greater molar proportion of acetate than for NOPATH steers; however, propionate and butyrate were not affected. Chen et al. (2012) also reported that steers susceptible to ruminal acidosis had greater acetate than resistant steers; although, they found that propionate and butyrate were affected. Although all cattle received the same diet, it was not possible to measure individual DMI in the present study and DMI may also have affected fermentation patterns (Duffield et al. 2012) . It is also possible that inherent differences in the density and composition of the ruminal microbiota may alter the risk for ruminal acidosis and its pathologic sequelae (Chen et al. 2012) . Evaluating these variables was out of scope of the present study, but future research is needed to further determine causative factors that increase the risk for ruminal and liver pathology.
Although they are not specific to pathology of the liver and ruminal lesions, the acute phase proteins SAA and Hp were measured in this study as indicators of inflammation. Steers with PATH tended to have greater concentrations of Hp and had greater SAA compared with NOPATH. The SAA concentration of PATH a Rumen and liver pathology were used to create a case definition. Steers with rumen scores of 0 or 1, and liver scores of 0, were categorized as no pathology (NOPATH). Steers with liver scores of A−, A, or A+, or with rumen scores of 2 or 3, were categorized as pathology (PATH). Data are reported as means ± SEM. b SCFA concentrations for individual steers were measured from ruminal fluid samples taken weekly and averaged over the final 5 wk of finishing.
c Haptoglobin (Hp) and serum amyloid A (SAA) concentrations were measured weekly for each steer. Results were then averaged over the final 5 wk of finishing. was in agreement with values reported for acute inflammation by Horadagoda et al. (1999) but less than that reported by Gozho et al. (2005) in steers after a ruminal acidosis induction challenge, suggesting a chronic nature of the rumenitis -liver abscess disease complex in the present study. Moreover, liver abscesses have been shown to heal within 70 d (Itabisashi et al. 1987) , and acute phase proteins have been shown to be elevated within hours of an inflammatory insult and decline rapidly after the stimulus is removed (Tóthová et al. 2013 ). While the blood was collected infrequently (once per week) in the present study, the data were averaged over a 5 wk duration to represent a chronic condition rather than to indicate acute changes. Thus, it is likely that the pathology identified at slaughter was the cause of the inflammatory response detected. Interestingly, the SAA concentrations of NOPATH were well above the 1.30 ± 0.44 μg mL −1 reported in healthy dairy cattle (Eckersall et al. 2006 In addition to having greater or a tendency for greater concentrations of Hp and SAA, PATH steers had greater variation (SEM) for both Hp and SAA than NOPATH steers. It is apparent that acute phase protein concentrations are highly variable, as Huzzey et al. (2009) reported Hp concentrations of <100 μg mL −1 to be within an acceptable level in healthy dairy cattle. In the current study, although there was only a tendency for a difference in serum Hp between groups, both PATH and NOPATH steers were below the range suggested by Huzzey et al. (2009) , with Hp concentrations of 4.91 and 2.28 μg mL −1 , respectively. If the reported threshold for healthy cattle is indeed correct, the lower Hp response compared with SAA described in the current study could be due to the functional roles of each acute-phase protein. The role of SAA is largely unknown, but opsonisation of bacteria, and scavenging of cholesterol are thought to be two functions (Ceciliani et al. 2012) . It is possible that these roles of SAA are more suited to the pathophysiology of the rumenitis -liver abscess complex in a finishing steer that is off-feed, than are the hemoglobin binding and anti-inflammatory properties of Hp.
Conclusion
Overall, results of the current study suggest that the duration of time that ruminal pH is <5.2 and a chronic systemic acute phase protein response are greater for steers with a case definition including ruminal and liver lesions. Steers with ruminal and liver pathology, on average, were exposed to ruminal pH < 5.2 for only 1 h d −1 . To the authors' knowledge, this is the first study to suggest a ruminal pH threshold for predicting gross pathology of the rumen and liver.
